capable of serving a wide range of applications in a cost-effective manner. In part, making the avionics platform cost effective means adhering to open standards and supporting the integration of COTS products with custom products. Inherently, operation in space requires low power, mass, and volume while retaining high performance, reconfigurability, scalability, and upgradability.
GOALS
As its name implies, Universal MiniController is intended to satisfy the needs of a wide number of applications. To do this the UMC must satisfy the worst case requirements among all of the applications that UMC is intended to support. It is not enough that UMC modules can be mixed and matched to satisfy the intended application with the minimum set of modules, each of those modules must be designed to use the minimum in resources. Yet as with all space system, it must be operable over the harsh thermal, vibration, and radiation environment to which it will be subjected.
Commonly it is thought that a small, dedicated design team, relieved of the overhead of a large organization and the massive documentation of traditional NASA programs can develop a limited set of core cards relatively inexpensively. However, in the end, the cost of qualifying cards and boxes for flight dwarfs the cost of design. Therefore, the majority of the cost savings have to come from reusing certified units. So reuse becomes the real goal for producing cost effective avionics. To maximize reuse, avionics systems must be designed with enough performance to meet the requirements of high end applications, enough flexibility to adapt of a variety of applications, and with a small enough form factor and low enough power consumption to satisfy small system applications. In this way the system can be used for as many applications as possible. Far from increasing the cost of system, it is a fortunate synergism that universality can lower the cost of systems over time.
COTS is the epitome of reuse, and as such can be a valuable asset to any approach that seeks to reduce the cost. The UMC concept uses standards for exactly this reason. Not only does the use of a standard bus reduce the time, cost, and risk of developing a propriety architecture, but more importantly, a standard bus lays the groundwork for reuse of products from multiple vendors. modules, custom and COTS, reduces development costs of new programs and allows the cost of logistic and maintenance infrastructure to be shared among several programs. In addition, to reducing hardware development costs, software costs can be reduced as well, through the reuse of existing software drivers and board support packages, and the lower costs that comes with a shortened development cycle. The VxWorks operating system has been ported to the UMC processor to provide a standard real time operating system (RTOS) for use by multiple projects, and a Linux operating system port will have started prior to the publication of this paper. As a side benefit, the risk factors are also lowered through the use of "debugged" code and the ability to do early rapid prototyping and software development starts.
ARCHITECTURE OVERVIEW
This paper addresses NASA's development of a core set of components that are capable of operation in the space environment, and an open systems architecture that provides reconfigurability, scalability, upgradability, and the ability to incorporate COTS.
Two of the major problems with using COTS hardware in core functions are the temperature and radiation. Most commercial boards are not designed to work in the thermal environment of space. A few manufacturers do provide conductively cooled boards for military and space applications. Even a few may provide radiation tolerant designs; even fewer can provide radiation hardened designs. These architectures are often large, i.e. VME, and are usually relatively inflexible in terms of the ability to mix and match building blocks to produce a tailored solution (i.e. minimum size stack for the job at hand). Given existing product availability, there is a limited choice of architectures and a limited choice of expensive boards. Rather than limit itself, NASA has chosen to build a flexible architecture with a small form factor and stackable architecture that support COTS. NASA is developing a set of core cards, which have paths to radiation hardening and error detection and correction (EDAC) strategies to populate the mix and match building blocks.
CORE COMPONENTS
In this architecture, core components include the processor, power supplies, and fundamental I/O boards including 1553, and some analog I/O cards with unique International Space Station interfaces. It has been our experience that core functions have to be satisfied with custom designed cards. This is largely because of the unavailability of COTS cards that meet the environmental requirements and the limited number of COTS manufacturers who meet NASA's Quality process.
General purpose peripheral cards and other components that can be easily made redundant can be satisfied with COTS cards which meet the required thermal environment. The core hardware can provide the necessary supervision to detect hard and soft failures on COTS boards and re-configure around the failure. To date, availability of most COTS cards has been limited to the industrial thermal environment. The bus architecture standard chosen, PC/104-Plus, has a small form factor which offers the potential for low weight and volume, but to achieve that potential the layout density of the cards must be kept high. In this regard all of NASA's custom boards have pushed board densities as high as possible without resorting to more sophisticated technologies, suchas High Density Interconnect (HDI) board fabrication. The combination of small form factor and high layout densities has allowed low weight and volume to be achieved.
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Figure 1: Existing Library of Custom UMC modules
The high layout densities make power reduction even more important, and the choices of technologies and processor families can make or break power budgets. Additionally, once the technology and processor family decision is made, the sunk cost of the development process makes it is almost impossible to change from the initial choice. As with many projects, the NASA design makes extensive use of CMOS, but NASA's bias to low power choices did not end there. In the area of processor family NASA chose the PowerPC family because of its high performance and low power consumption.
The processor card
The processor card is the central, core function. The design for the processor card is based on the PowerPC architecture. This architecture provides an excellent balance between power consumption and performance, and has an upgrade path to two forth coming radiation hardened PowerPC processors, the 603e and the 750. The MPC106 and it's successor, the MPC107, both provide EDAC for the main DRAM memory, The conductively cooled processor card, which makes extensive use of surface mount technology, has a 166 MHz PowerPC 603e processor, 32 Mbytes of error detected and corrected RAM, 8 Mbytes of Flash, and 1 Mbytes of EPROM, on a single PC/l04-Plus card, The power consumption for this board is 4 watts when fully powered and 1.3 watts when put in sleep mode.
Peripheral Cards
The peripheral cards were designed using FPGA's with the lowest power, fastest speed, and greatest potential for radiation hardened versions. Densities similar to those achieved on the processor card have been achieved on a custom quad channel Mil-Std-1553 card, High Level Analog card, and the Analog Input/Output cards. The power management built into the processor and its peripheral chip allows the power and performance of the system to be adjusted to meet the requirements of the application, allowing another dimension to the flexibility of the Universal MiniController.
Flexible Architecture
The architecture achieves reconfigurability, scalability, and upgradability and the ability to incorporate COTS through the use of a stackable, modular architecture. In this architecture each card is mounted within a frame, and each frame is stacked with other frames. The inclusion of end frames, inline mounting holes, and the incorporation of a milled out, faraday step on one end of each frame allows the frames to be bolted together into an EM1 tight, avionics box. Figure 3 below illustrates the concept.
Unique mechanical packaging allows the Universal Mini-Controller to accommodate standard COTS and custom oversized PC/104-Plus cards. This mechanical packaging also provides thermal management via conductive cooling of COTS boards, which are typically designed for convection cooling methods. The frames have been designed to provide conductive cooling by direct physical contact between the thermal strips on the custom cards and the thermal interface area of the frame. The frames have also been designed to provide conductive cooling by sandwiching either a custom or COTS card between two metal thermal transfer plates and intervening layers of thermal gap filler. A much more detailed discussion of the 
Certification
The majority of the components used in the UMC processor card design are COTS part with no military standard screening. In order to ensure that components of high quality are used, the UMC components are following NASA-JSC part qualification program. As part of this program the processor card and its accompanying power supply card had been tested to the particle radiation environment of the International Space Station. The other part of the qualification program is the review of manufacturer's process and quality control program. That works in underway.
Summary
Reuse of the UMC modules and architecture and the attendant cost reduction is already occurring on multiple development programs such as new shuttle Remote Manipulator System (RMS) command and control development, and the International Space Station Habitation module, Trans-Hab. There are more reuse candidates on the horizon. Additionally, even smaller derivatives of UMC are leveraging the UMC design investment and VxWorks port to lower the cost of a small satellite development program, and there is potential reuse of all or most of the UMC derivative satellite hardware on an advanced Mars suit design.
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